Purpose Polycystic ovary syndrome (PCOS) is an endocrinemetabolic disorder that leads to lower natural reproductive potential and presents a challenge for assisted reproductive medicine because patients may exhibit immature oocyte retrieval and a higher risk of ovarian hyper stimulation syndrome during in vitro fertilization (IVF) treatment. This study aimed to identify potential lipid biomarkers for women with PCOS and a hyper response to controlled ovarian stimulation. Methods Follicular fluid samples were collected from patients who underwent IVF, including normal responder women who became pregnant (control group, n=11), women with PCOS and a hyper response to gonadotropins (PCOS group, n=7) and women with only hyper response to gonadotropins (HR group, n=7). A lipidomic analysis was performed by electrospray ionization mass spectrometry, and candidate biomarkers were analyzed by tandem mass spectrometry experiment. Results The lipid profiles indicated particularities related to differences in phosphatidylcholine (PCOS and HR), p h o s p h a t i d y l s e r i n e , p h o s p h a t y d i l i n o s i t o l a n d phosphatidylglycerol (control), sphingolipids (PCOS) and phosphatidylethanolamine (control and HR).
Introduction
Polycystic ovary syndrome (PCOS) is a metabolic endocrine disorder that affects approximately 10 % of women according to Rotterdam criteria [1] . This disorder is characterized as a heterogeneous syndrome and current guidelines recommend that a PCOS diagnosis should be made with the occurrence of 2 out of 3 factors: oligo or anovulation, clinical or biochemical hyperandrogenism and the presence of polycystic ovaries. In addition, disorders that mimic the clinical presentation of PCOS, such as congenital adrenal hyperplasia, Cushing's syndrome and androgen-secreting tumors, must be excluded [2, 3] .
In addition to the presence of low oocyte quality in women with PCOS, when these patients undergo in vitro fertilization (IVF) treatment, they possess a higher risk for developing ovarian hyper stimulation syndrome [4, 5] . During IVF cycles, an appropriate manner to analyze oocytes and the molecular mechanisms involved in diseases related to female infertility include follicular fluid (FF) analysis because it provides the oocyte development microenvironment [6] . Moreover, analysis of FF components may generate information about metabolic changes in blood plasma, which is similar to the circulating biochemical environment that may be reflected in the composition of the follicular fluid [7] .
It is becoming increasingly clear that deregulated lipid metabolism plays an important role in many human diseases because lipid homeostasis is fundamental to health maintenance [8] . With progress in the lipidomics field, knowledge of lipids has improved, particularly related to the role of lipids in cell signaling pathways, which can indicate changes in the cellular microenvironment, such as steroidogenesis processes, cell proliferation and apoptosis [9] [10] [11] . Moreover, prospective lipid biomarkers have been related to female fertility, such as phospholipids changes in cumulus cells have been related to cell differentiation. Furthermore, some studies reported a correlation between the fatty acid profile and oocyte maturity and embryonic development [12, 13] .
To improve the characterization of biomarkers related to human fertility, the use of modern analytical platforms based on mass spectrometry (MS) has improved the efforts used to discover the lipid fingerprinting of some type of sample and in a certain condition in addition to find potential biomarkers, which allow for the understanding of lipids and their interaction with other molecules while considering different physiological conditions on a system-level scale [8] .
The most widespread ionization source in MS is electrospray ionization (ESI), which enables creating and transferring ions from a broad range of molecules in solution directly to the gas phase in a gentle and efficient way, leading to the characterization of gaseous ions in a quick, sensitive and selective manner even for ions with high structural complexity [14, 15] .
This study aimed to identify novel prospective candidate biomarkers in FF from patients presenting PCOS and HR during the superovulation IVF procedure. Moreover, we provide a lipid structural identification to better relate the potential markers with pathophysiological mechanisms related to PCOS and HR, leading to diagnosis improvement and individualized treatment for these patients in the future.
Materials and method

Study design
A prospective case-controlled study was conducted using FF from women treated at the UNIFESP Human Reproduction Section for IVF of São Paulo Federal University. This study received Institutional Review Board approval from the São Paulo Federal University Research Ethics Committee, and all patients participated in this study after signing an informed consent form.
Each patient was clinically and experimentally assessed to determine their infertility factor, whereas PCOS diagnoses were established according to Rotterdam criteria [3] , which also guided the study direction. Therefore, patients diagnosed with PCOS primarily presented anovulation and clinical and/ or biochemical hyperandrogenism or polycystic ovaries at ultrasound. The exclusion criteria for all groups were as follows: patients with a history of endometriosis, cancer, premature ovarian failure or other gynecologic factors leading to infertility that could affect the folliculogenesis or oocyte quality.
A total of 25 patients were included in this study. The control group was composed of women with a normal response to ovarian stimulation (5-15 oocytes) and the presence of only a tubal infertility factor. Control group patients received follicle-stimulating hormone (FSH) between 3 and 9 μg . mL −1 on the third day of the IVF cycle and achieve pregnancy after IVF treatment (n=11). The PCOS group included women diagnosed with PCOS according to Rotterdam criteria (n= 7). The HR group included women without a PCOS diagnosis but who presented a hyper response (>15 oocytes) after gonadotropin administration and secondary characteristics of PCOS, such as higher LH levels and inversion of FSH/LH rates (n=7). For all patients, controlled ovarian stimulation was achieved using exogenous recombinant gonadotropins (225 IU/day of rFSH -Gonal-F, Merck-Serono, Darmstadt, Germany) starting on cycle day 2. When the leading follicle reached 13 mm in diameter, endogenous LH release was suppressed with a gonadotropin-releasing hormone (GnRH) antagonist analog (250 μg/day of cetrorelix acetate [Cetrotide®]; Merck-Serono, Darmstadt, Germany). When the leading follicle reached 17 mm in diameter, 250 mg hCG (Ovidrel®; Merck-Serono, Darmstadt, Germany) was administered. Ultrasound-guided transvaginal oocyte retrieval was performed 35 h after hCG administration using a 16-gauge needle. The oocytes were isolated from the follicular fluid for evaluation and culture.
The oocytes were incubated in culture medium (SSM Ivine Scientific-Santa Ana, CA) for three hours until the intracytoplasmic sperm injection procedure (ICSI) in which sperm was injected into the oocyte cytoplasm. The inseminated oocytes were further cultured, and after 18 h, fertilization was evaluated considering the presence of 2 polar bodies and 2 pronuclei. Embryo cleavage was observed 48 h after sperm injection. Seventytwo hours after the sperm injection, the quality of the embryos was rated, and embryos with better morphology scores were transferred to the patient uterus. For all patients, the beta subunit of human chorionic gonadotropin (βhCG) was measured 15 days after the transfer of embryos and for the patients with more than 25 mIU . mL −1 of βhCG, the implantation was assessed 15 days after by ultrasound observation.
Sample preparation
The FF collected from each patient was pooled, centrifuged for 10 min at 800×g to separate the portion of interest from erythrocytes and leukocytes. The samples were stored at −20°C until lipid extraction. The Bligh-Dyer method was performed for FF lipid extraction [16] . Briefly, 50 μL FF, 50 μL water, 125 μL chloroform and 250 μL methanol were placed in a 1.5 mL microcentrifuge tube. The homogeneous mixture was vortexed for 30 s. The polar and apolar phases where separated by the addition of 100 μL water and 125 μL chloroform. The lower phase containing the lipids was recovered by pipetting and transferring to a clean microcentrifuge tube, which was maintained closed at −20°C until analysis. For the ESI-MS experiment, samples were dissolved in 300 μL of methanol.
Electrospray mass spectrometry
The ESI-MS assay was performed in the positive mode using a hybrid Micromass mass spectrometer quadrupole time-offlight (Q-TOF) (Manchester, UK) with high resolution with the following conditions: source temperature: 100°C, desolvation temperature: 70-100°C, capillary voltage ranging from 2.5 to 4 kV and cone voltage ranging from 10 to 40 V. The samples were injected with an infusion pump (Harvard Apparatus) at a flow rate of 10 μL min 
Statistical analysis and ions structural elucidation
Statistical data processing was based on the average ion intensity. Data are presented as the means±standard deviation (SD). All data were normally distributed (P < 0.05, Kolmogorov-Smirnov's test) after z score normalization. One-way measures analysis of variance (ANOVA) was used to perform comparisons among groups for continuous variables. Statistical significance was set at P<0.05. LSD was applied for post hoc comparison. The incidence of categorical variables was compared using bootstrap resampling and the chi-square (x2) test using PASW 18.0 software (SPSS Chicago, IL).
MassLynx 4.1 software was used for mass spectra analysis (Waters, Manchester, UK), and data were pre-processed by MarkerLynx 4.1 software (Waters, Manchester, UK) to identify potential markers.
The intensity values were normalized by PARETO scaling. PCA and PLS-DA were applied to the dataset using MetaboAnalyst 2.0 software (http://www.metaboanalyst.ca). From these analyses, a list of potential biomarker ions was obtained, and the lipid categories for these ions were identified.
From the m/z values differentially expressed in each group, a fragmentation profile analysis was individually performed by the ESI-MS/MS experiment, which allowed the structural elucidation of differentially expressed ions through a CID experiment. The collision was performed using argon with the energy source ranging from 4 to 40 eV. In each case, the collision energy was optimized to produce extensive dissociation with minimal lost of the ion of interest. For ions whose intensities were too low to detect, it was not possible to identify the lipid through MS/MS. Thus, these lipids were identified using SimLipid software (PREMIER Biosoft International,CA, USA) adopting a mass tolerance of 0.1 Da with an accuracy of 50 ppm.
Results
Comparisons among the groups regarding clinical data demonstrated that PCOS patients present a lower age average; the LH and LH/FSH rate are significantly higher compared to the other groups. Regarding the number of follicles, oocytes and oocytes in metaphase II, the control group presented significantly lower averages for these variables (Table 1) .
Considering embryo quality, PCOS and HR groups differed from the control group and presented a higher percentage of embryo with good quality in the third day of culture, previously to the transfer (Control=36.4 % PCOS and HR= 100.0 %). In relation to βhCG and Implantation rates, all patients from control group were pregnant after IVF. For all patients from PCOS group, the βhCG was negative 15 days after embryos transfer and for the HR group, one patient was pregnant after IVF treatment.
With regards to the PCOS-specific characteristics defined by Rotterdam criteria, anovulation was present in 6 of the patients, hyperandrogenism was present in 3 patients and the presence of polycystic ovaries upon ultrasound was observed in 5 patients.
Representative mass spectra for each group are shown in Fig. 1 . Initially, 368 ions were analyzed by principal component analysis (PCA), which explained the maximum variance of all ions. It should be noted that this analysis does not take into consideration the group divisions but rather the characteristics of each individual according to a score plot chart (Fig. 2a) .
The first principal component explained 53.5 % of the data variance, while the other lower level principal components were responsible for describing the remaining variation. The first 5 components explained 89.0 % of the variance in the data among the control, PCOS and HR groups.
After PCA, partial least squares discriminant analysis (PLS-DA) was performed to determine the variance among the maximum number of ions associated with each group within each component (Fig. 2b) . PLS-DA cross-validation reinforced the PCA results, indicating that only the first five components were considered for constructing the model, and component 5 was identified as the best indicator of the linear regression model prediction (Q2=59.0 %) (Fig. 3a) .
Fifteen ions were selected considering their importance for the model prediction within component 5 (variable importance in the projection, VIP scores chart; Fig. 3b ). These ions were chosen for an MS/MS experiment that makes possible the identification of lipid subclasses given their fragmentation pattern in a collision-induced dissociation (CID) (Supplementary data). After the MS/MS experiment, ions that could not be evaluated by MS/MS were identified with SimLipid software (PREMIER Biosoft International, CA, USA).
According to each lipid mass-to-charge ratio (m/z), five lipid classes were more represented in the control group, including phosphatidyletanolamine (PE, Table 2) .
For the PCOS group, 3 ions were identified. A sphingolipid (703.5517m/z) and two PCs (704.5618, 758.4481) were overrepresented (Table 2) . (Table 2) .
Discussion
A certain degree of ovarian hyper stimulation is desirable during IVF cycles. However, an exaggerated response poses a life-threatening risk for the patient and may decrease oocyte quality, which adversely affects the assisted reproduction treatment [17] . Some women without a PCOS diagnosis have secondary characteristics of the syndrome and a hyper response when they undergo ovarian stimulation. Based on this fact, this study found potential lipid biomarkers related to PCOS and HR in patients who underwent IVF.
One of the factors related to HR is PCOS, which is a major cause of endocrine disorders in women with a prevalence ranging from 6 to 15 %, depending on the criteria used [18] . Previous studies have associated PCOS with an exacerbated growth in the number of follicles in the early stages of folliculogenesis [19] in addition to its features and metabolic implications, such as chronic anovulation, changes in LH levels, insulin resistance and obesity [20] . Considering all the aspects involved in this syndrome, the variability in its diagnosis may be related to its controversial etiology and heterogeneity in its phenotype [18] . Some studies have shown an increase in serum LH levels in PCOS patients [20, 21] . In this study, the LH level increase in the plasma was significant for the PCOS group. However, the Rotterdam consensus does not consider changes in serum LH levels as a factor for PCOS diagnosis, although the consensus suggests that more research needs to be conducted to further elucidate the clinical relevance of LH levels in this syndrome.
The numbers of follicles and oocytes increased in the PCOS and HR groups when compared with controls. A recent study made a comparison and suggested that the presence of polycystic ovaries upon ultrasound is not a condition that can be considered normal even when it is not associated with this syndrome [22] . In this study, both HR and PCOS patients had a larger number of follicles after hormonal stimulation than the control group, which appears to not be a physiological condition.
The PCOS and HR groups were scored with better embryo morphologic quality than the control group most likely because of the higher number of embryos. However, the PCOS and HR groups had low rates of implantation, which suggest that the embryo viability from these patients was compromised. Similar to this study, better morphological embryo quality was observed in women with PCOS compared with normal responders although both groups had shown equivalent implantation rates. Nonetheless, the rate of miscarriages was higher in the PCOS group even though it was not statistically significant [23] .
Currently, one of the main objectives of MS-based lipidomic platforms is the characterization and elucidation of viable biomarkers for disease diagnosis and the elucidation of altered lipid pathways related to specific conditions [8] . Regarding the lipid content in cells, phospholipids comprise a fundamental subclass whose roles include the structure of the cell membrane and control of several cellular functions, such as enzymatic regulation, the process of transcription, and signal transduction and transport [24] .
Phosphatidylcholines (PCs) represent the most important phospholipid subclass, are present in eukaryotic cells, and play an important role in the structure of membranes and cell signaling. PC has been related to changes in cell proliferation and differentiation conditions [25] . In contrast, changes in PC homeostasis may lead to the cell death process. The underlying mechanism in this process can be caused by defective enzymes involved in its path or by the increased consumption of PC [26] . In this study, different species of PC were found in the study group, which could be explained by the cell proliferation present in the exaggerated ovarian follicular activity in the PCOS and HR groups.
A previous study from our group described an increase in PC abundance in lipid profiles obtained from cumulus cells (CC) from pregnant patients undergoing IVF, which related this lipid subclass to the expansion of CC that occurs due to the induction of an LH surge by the administration of human chorionic gonadotropin (hCG) [12] . It is important to mention that lipids representation corresponds to a balance among the compared groups. Because the PCOS and HR groups had higher serum LH levels compared with the control group, our results suggest that LH may stimulate PC production. Thus, it can be hypothesized that in addition to the acute stimulation produced by the LH surge, elevated chronic LH levels induced the production of different types of PCs in all of the PCOS and HR groups.
T h e c o n t r o l g r o u p d e m o n s t r a t e d t h e l i p i d phosphatidylglycerol (847.4979m/z) was overrepresented. This lipid is synthesized from phosphatidylglycerol phosphate (PGP) through a dephosphorylation reaction with the enzyme phosphatidylglycerol phosphate phosphatase. Consumption and reduction of PGP with a consequent increase in PG is related to increased oxidative stress in animal tissues [27] . Thus, the overrepresentation of PG may be indirectly related to apoptosis. In another study from our group, it was possible to infer that PG may be related to the balance in the follicular microenvironment, protecting oocytes against damaging molecular processes and playing a role in ovarian functioning [28] .
Phosphatidylserine with a 852.4727m/z was more abundant in the control group. The lipids belonging to this subclass are associated with apoptosis [29] . It has been demonstrated that cells labeled to induce and signal cell death exhibit a redistribution of PS on their membranes during the initial stages of this process when PS is externalized. Moreover, the exposure of PS on the surface of activated platelets initiates the blood clotting cascade [30] . Despite the fact that our study evaluated only the presence of this lipid without considering its localization, it is suggested that a higher abundance of PS in the lipid profiles of the control group may be related to an appropriate response to the induction of the final follicle maturation and ovulation induced by hCG administration.
Phosphatidylinositol was overrepresented in the control group. PI molecules are considered important because of their role as a source of secondary messengers in signal transduction [31] . The synthesis of PI occurs from myo-inositol (MI) and diacylglycerol moieties, and the importance of this lipid is usually associated with its MI portion.
Hyperinsulinemia, which is often present in PCOS, is most likely related to hyperandrogenism, which occurs via two distinct mechanisms: a) androgen stimulation by the ovary and b) reduction in the liver secretion of the testosterone transporter. In addition, hyperinsulinemia plays a role in anovulation in PCOS due to an increase in ovarian androgen production, affecting follicular development. Myo-inositol has been related to changes in PCOS characteristics through its insulin-sensitizing effects. Supplementation of MI for women with PCOS demonstrated an improvement in hormonal parameters in these patients, and MI was related to the reestablishment of ovarian activity, considering spontaneous menstrual cyclicity, ovulation, better oocyte quality and fertility [32, 33] .
The PCOS group was differentiated from the others by the presence of sphingolipid (703.5517m/z). These lipids are important in signal transduction and cell recognition [34] . Changes in the metabolism of sphingolipids have been described in several biological conditions, including Alzheimer's disease, cancer and insulin resistance [35] [36] [37] .
Sphingolipids play multiple roles in the synthesis of steroid hormones, they participate in transcription, act as second messengers, and are involved in extracellular and nuclear regulation. Furthermore, these lipids are important for granulosa cell steroidogenesis, which is also associated with inflammatory cytokines and cellular growth factor production [38, 39] .
At high levels, ceramides are responsible for changing the appropriate steroid hormone secretion. The exact molecular mechanism comprising the roles played by ceramides have not been well established, and many genes, transcription factors and signaling molecules are involved in this process. However, a recent study reported that down-regulation of acid ceramidase (N-acylsphingosine amidohydrolase -ASAH1) causes a shift in sphingolipid metabolism toward ceramide, sphingomielin, lactosylceramide and other lipid subspecies, concluding that ASAH1 is a mediator of steroidogenic gene expression and adrenocortical steroidogenesis [38, 40] .
In this study, the presence of sphingolipid was not related to the hormone levels described. However, the presence of sphingolipids in this group infers that this lipid subclass can be considered a potential biomarker for PCOS. It was also observed that the HR group presented an intermediate frequency of sphingolipids, according to the VIP score graph (Fig. 3b) . These data suggest that even if the lipids are not overrepresented in this group, there may be a potential evolution from hyper responder patients to patients diagnosed with polycystic ovary syndrome.
The phosphatidylethanolamine subclass was differentially represented in the control and HR groups. Considering the potential PE functions, it was found that PE tends to form a non-lamellar membrane structure and modulates the membrane curvature [41] . According to this finding, it was suggested that PE plays an important role in contractile ring disassembly at the cleavage furrow during cytokinesis in mammalian cells [42] .
PE also comprises approximately 25 % of mammalian phospholipids and despite its wide presence in the brain, this lipid is particularly enriched in the inner membranes of mitochondria compared with other membranes [43] . Thus, this lipid subclass has recently been related to autophagy in a way that the PE from mitochondria is used for autophagosome formation [44] .
The relationship between low PC intensity and high PE intensity in cumulus cells was described in follicular fluid, indicating that PE may be involved in cumulus cell apoptosis in non-pregnant women [12] . Regarding our study, the presence of PE in the control group may be related to physiological control of cell proliferation, which can also occurs via apoptosis. In contrast, with regards to the presence of PE in the HR group, two hypotheses can be suggested: the presence of these molecules may be involved in the final processes of cell division due to high proliferation in response to hormonal stimulation and an attempt to control high cell proliferation and oocyte development, which may be also in response to ovarian stimulation.
Despite the limited number of samples, strict criteria were used for statistical analysis because the groups were well defined to reduce possible biases in interpretation.
This study noted the lipid profiles of women with PCOS and a hyper response to gonadotropins, which were different from the lipid profiles found for normal responder patients who achieved pregnancy. Furthermore, the potential lipid markers found in follicular fluid, highlighted by the relative increase in PS and PGP in the control group and increase in PC in the PCOS and PE in HR groups, contributed to improving the understanding of the molecular mechanisms involved in polycystic ovary syndrome and the hyper response to ovarian stimulation in women without PCOS, since the study of these biomarkers have demonstrated the lipids are related to molecular processes in PCOS, such as apoptosis failure and intensive follicle proliferation during IVF, which may also be associated to OHSS risk.
Therefore, follicular fluid lipid profile analysis is an important tool for identifying a panel of potential biomarkers, because it reflects the ovarian microenvironment. Because of follicular fluid is an exudate of blood plasma, a quantitative validation of the potential biomarkers found in our study could be performed in this type of sample before the ovarian stimulation, which would assist in identify lipids related to the risk of hyper response to gonadotropins. Furthermore, the study of these biomarkers may support the development of more individualized treatments for these patients.
